Introduction
Recently, antibiotics have been widely used in the livestock industry as growth promoters and therapeutic medicines to decrease the susceptibility to diverse infectious diseases [2] . However, their continuous use not only leads to drug resistance [22] but also increases the risk of residues in livestock products [28, 30] . Therefore, the development of novel alternatives for antibiotics has attracted considerable research interest [29, 35] . Antimicrobial peptides, also called "host defence peptides," are probably one of the most preferred alternatives because they have been demonstrated to kill bacteria, enveloped viruses and fungi and even transform cancerous cells [19, 34] . Compared with conventional antibiotics, antimicrobial peptides have a broader spectrum, a more rapid killing action, and highly selective toxicity [7, 37] .
Plectasin, the first fungus-derived defensin with therapeutic potential, is primarily isolated from Pseudoplectania nigrella [24] . It is composed of 40 amino acids that fold into an α-β-β structure stabilized by three disulphide bonds (Cys 4 and Cys 30, Cys 15 and Cys 37, and Cys 19 and Cys 39). A previous study has indicated that plectasin is potently active against gram-positive bacteria such as streptococci [26] . Importantly, it does not show any cytotoxicity to mammalian cells such as murine L929 fibroblasts, human erythrocytes, and THP-1 monocytes [3, 9] . Thus, plectasin is a potential alternative for conventional antibiotics. However, the production of plectasin by natural microorganisms is still not commercially feasible because of its high cost. Moreover, naturally isolated plectasin is usually contaminated by other substances, complicating the purification process.
The yeast Pichia pastoris can neither utilize nor degrade plectasin, but it possesses many attributes that render it an
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Keywords: Plectasin, expression, purification, Pichia pastoris, antimicrobial activity attractive host for the expression and production of plectasin. As a eukaryote, P. pastoris has many advantages of higher eukaryotic expression systems such as protein processing, protein folding, and posttranslational modification, while being as easy to manipulate as Escherichia coli or Saccharomyces cerevisiae. Moreover, it is easier, faster and less expensive to use than baculovirus or mammalian cell expression systems [1] , and generally produces higher expression levels [10] . As a yeast, it shares the advantages of molecular and genetic manipulations with Saccharomyces cerevisiae and has the added advantage of 10-to 100-fold higher heterologous protein expression levels [4, 25] . Therefore, P. pastoris offers an ideal expression system for the cost-effective production of plectasin.
In the present study, we describe the cloning and expression of a tandemly arrayed plectasin gene in P. pastoris. The tandem duplication fragment was used because it has been shown to increase the expression level and improve its stability [14, 33] . In addition, the antimicrobial activity of Ple was fully characterized. To the best of our knowledge, this is the first report on the heterologous expression of a multimeric plectasin gene in P. pastoris.
Materials and Methods

Strains, Media, and Vectors
The P. pastoris X-33 strain was cultivated in Yeast Peptone Dextrose (YPD) medium (1% yeast extract, 2% peptone, and 2% glucose) at 30°C on a rotary shaker at 150 rpm. The plasmids pMD19-T and pPICZαA were purchased from TaKaRa (Catalog No. 6013, China) and Invitrogen (Catalog No. K1740-01, USA), respectively. Recombinant plasmids were constructed and amplified in E. coli DH5α cultivated at 37°C in Luria-Bertani (LB) liquid medium or LB agar. Ampicillin for selecting and propagating resistant bacteria was added to a final concentration of 100 µg/ml.
RNA Isolation and Plectasin Gene Cloning
One litre of P. nigrella culture was prepared according to Mygind et al. [24] . The fungal mycelia were harvested by centrifugation and frozen under liquid nitrogen. The frozen mycelia were ground into a fine powder and suspended in a mixture of Trizol reagent (TaKaRa D312, China), and the total cellular RNA fraction was isolated as described by the manual.
The cDNA containing plectasin (without the signal peptide) was amplified by RT-PCR using the following specific primers: up-stream primer F1 (AGAATTCATGATTGAAGGCCGCCTCGA GGGCTTTGGCTGCAAT) and down-stream primer R1 (AGCGG CCGCAAGCTTTTAGTCGACATAGCATTTGCACACA) supplemented with EcoRI/XhoI and SalI/NotI restriction sites, respectively. The PCR was performed in 25 µl reaction mixtures (0.15 µM of each primer, 1 µl of template DNA (approximately 10 ng of first-strand cDNA), and 12.5 µl of PCR premix (Boracker KT201-02)). Denaturation, annealing, and polymerization were carried out for 1 min at 94°C, 1 min at 58°C, and 1 min at 72°C, respectively, for 35 cycles. The amplified PCR products were analysed by agarose gel electrophoresis and directly cloned into the pMD19-T Simple Vector and sequenced by Invitrogen Co., Ltd (China).
Generation of the Tandemly Arrayed Gene
The tandem fragment (with eight copies) was generated using the isoschizomer construction method. The construction strategy is shown in Fig. 1B . Briefly, the plectasin gene was first amplified by PCR using two specific primers (F1 and R1) supplemented with the XhoI (C^TCGAG) and SalI (G^TCGAC) restriction sites, respectively. The amplified plectasin was inserted into a pMD19-T vector and transformed into E. coli DH5α. An identical cohesive end was generated after double-digestion of pMD19T-Ple with XhoI/NotI and SalI/NotI. The new ligation would not be recognized by either of the two enzymes and forms a fragment containing two copies of the plectasin gene. The double-digestion and ligation were aborted until eight copies of the plectasin gene were generated (Ple-8). The plasmid pMD19T-Ple-8 was transformed into E. coli DH5α. To confirm whether the selected clones contained the target fragment, the recombinant plasmid (pMD19T-Ple-8) was extracted and double-digested by EcoRI and NotI.
Construction of the Expression Vector and Production of Ple
A highly effective vector, pPICZαA, was used to express a tandemly arrayed plectasin gene in P. pastoris. The plasmid pMD19T-Ple-8 was double-digested with EcoRI and NotI, and the isolated DNA fragments were recovered and inserted into the pPICZαA vector. The recombinant plasmid, pPICZαA-Ple-8, was transformed into E. coli DH5α in low-salt LB agar plates containing 25 µg/ml zeocin. The positive clones were identified by colony PCR and sequencing.
Approximately 10-15 µl of pure vector pPICZαA containing Ple-8 was linearized using SacI before transformation into P. pastoris by electroporation (1,800 kV, 50 µF, 186 Ω; Bio-Rad, USA). The positive clones were chosen from the YPD-zeocin agar (100 µg/ml zeocin) at 30°C and identified by colony PCR and sequencing.
Freshly transformed P. pastoris harbouring the appropriate recombinant plasmid pPICZαA-Ple-8 was incubated on the YPDzeocin agar (100 µg/ml zeocin) at 30°C for 48 h. A single positive colony was cultivated in 25 ml of BMGY medium (1% glycerol, 2% peptone, 1% yeast extract, 4 × 10 -5 % biotin, 1.34% YNB at pH 6.0, and 100 mM potassium phosphate) at 30°C under constant agitation at 260-280 rpm until the OD 600 reached 4 (approx. 16-18 h). Next, cells were collected in sterilized centrifuge tubes and then were centrifuged at 4,000 rpm for 10 min at room temperature. The supernatants were removed and the cell pellets were resuspended in 25 ml of BMMY medium (1.5% methanol, 2% peptone, 1% yeast extract, 4 × 10 -5 % biotin, 1.34% YNB at pH 6.0, and 100 mM potassium phosphate). Every 24 h, methanol (100%) was added to a final concentration of 0.5% (v/v). The culture supernatant was collected every day by centrifugation. The supernatant was stored at −70°C before SDS-PAGE and analysis of its antimicrobial activity.
Protein Extraction and Affinity Purification
Protein extraction and purification were performed on ice or at 4°C. The expression culture supernatant was clarified by centrifugation and concentrated approximately 5-fold via an ultrafiltration tube (MW cut-off, 10 kDa; Millipore, Germany). The supernatant (soluble extract) containing the crude Ple proteins was withdrawn and loaded directly onto a 2-ml Ni 2+ -chelating chromatography column according to the manufacturer's instructions (Bio-Rad, USA). The elution buffer (300 mM NaCl, 50 mM sodium phosphate, and 500 mM imidazole, pH 8.0) containing purified Ple was stored at −70°C before SDS-PAGE and analysis of its antimicrobial activities.
SDS-PAGE
SDS-PAGE in 15% polyacrylamide was performed by the Laemmli method [16] . The crude or purified protein fractions were boiled for 5 min and applied to the gel. Proteins were visualized by Coomassie brilliant blue R 250 staining.
Antimicrobial Activity Assays
The antimicrobial activity was determined using the agar radial diffusion method and three strains of gram-negative bacteria (E. coli DH5α, E. coli BL21 (DE3), and Salmonella typhimurium) and three strains of gram-positive bacteria (S. aureus, S. suis, and Enterococcus faecalis) [32] . Briefly, bacteria were cultivated in LB medium at 37°C, 150 rpm for 12 h. Next, 100 µl of bacterial suspension was inoculated into 50 ml of pre-warmed (42°C) LB agar. After rapidly dispersing the bacteria, the medium was poured into sterile petri-dishes. The melted agar was allowed to solidify for 15 min and then was punctured with a sterile ring. Finally, the purified Ple, penicillin, sterile water, and the culture supernatant of P. pastoris were transferred into each hole on the plate at 37°C for 12 h, and the growth inhibition zone was observed.
For MIC determination, the microtitre broth dilution method was modified for cationic antimicrobial peptides carried out in sterile 96-well microtiter plates [32] . Briefly, bacteria (S. aureus, S. suis, and E. faecalis) were inoculated into 30 ml of MuellerHinton Broth (MHB) and grown overnight at 37°C with shaking (150 rpm). Bacterial cultures were diluted into MHB to obtain a density of 1 × 10 5 CFU/ml. Next, 100 µl of each bacterial suspension was dispensed into each well of 96-well plates from columns 1 to 11, and 100 µl of 0.01% acetic acid (positive control) was dispensed into column 12.
The activity of Ple was tested over the concentration from column 1 (with a final concentration of 0.125 µg/ml) to column 11 (with a final concentration of 128 µg/ml); all assays were performed in triplicates. The plate was incubated at 37°C for 18-24 h, and the absorption was recorded at 590 nm. MIC was taken as the lowest concentration of Ple that reduces growth by more than 50% compared with that of the positive control.
Stable Analysis (pH, Digestive Enzymes)
The pH stability of purified Ple was determined after a 10-h incubation at 37°C in a pH gradient of buffered solutions (100 mM), including glycine-HCl buffer (pH 2.0), sodium phosphate buffer (pH 6.0), and glycine-NaOH buffer (pH 10.0) [11] . The proteinase solutions included 2,500 U/mg of pepsin in glycine-HCl buffer (pH 2.0) and 250 U/mg of trysin in Tris-HCl buffer (pH 8.0) [20] . Untreated Ple served as the independent control. Subsequent to each of these treatments, the antimicrobial activity of Ple against S. aureus ATCC 25923 was tested by the agar radial diffusion assay as described above.
Results
Cloning of the Plectasin Gene from P. nigrella and Generation of the Tandem Duplication Fragment
The plectasin gene was amplified from first-strand cDNA prepared from P. nigrella using sequence-specific PCR primers. To generate a tandem fragment, two restriction sites (XhoI and SalI) were introduced using specific primers.
The nucleotide sequence of plectasin and its deduced amino acid sequences are presented in Fig. 1A (EMBL Accession No. AJ964941). The calculated molecular mass (approximately 4.4 kDa) is in good agreement with that of native plectasin isolated from P. nigrella [24] . The tandem fragment (with eight copies) was generated using the isoschizomer construction method (Fig. 1B) . As expected, a 1,002-bp tandem fragment was successfully generated and inserted into the pMD19T vector. To confirm whether the selected clones contained the target fragment, a recombinant plasmid (pMD19T-Ple-8) was extracted and double-digested by EcoRI and NotI. The results are shown in Fig. 2A . The length of the EcoRI-NotI fragment (approximately 1,002 bp) appears to be equal to the calculated size. The result suggested that the tandem plectasin fragment (Ple-8) was successfully generated.
Vector Construction
Two specific primers (F1 and R1) were designed to incorporate the restriction enzyme sites EcoRI and NotI, respectively, at their 5' ends, allowing the directional cloning of the Ple-8 gene from pMD19T-Ple-8 into the pPICZαA expression vector. The recombinant vector pPICZαA-Ple-8 was transformed into E. coli DH5α. Primary selection of positive clones was carried out on Luria-Bertani agar with 25 µg/ml zeocin. To confirm whether these clones contained the target fragment, the plasmids were extracted from positive clones and double-digested by EcoRI and NotI. The results are shown in Fig. 2B . The length of the EcoRINotI fragment from the positive clones appears to be equal to the fragment inserted into pMD19T. The result suggested that the Ple-8 gene fragment was successfully inserted into pPICZαA as expected (under control of the AOX1 promoter).
Expression of a Tandem Plectasin Gene in P. pastoris and Purification of Ple
The pPICZαA-Ple-8 vector was linearized by SacI and transformed into the P. pastoris X-33 strain by electroporation. The transformants were selected on YPDS plates containing zeocin and the integration of the Ple-8 gene to the AOX1 location in the genome was further confirmed by PCR. A single colony from a positive transformant was induced in 1 L shake flasks using 0.5% methanol. As expected, the size of Ple determined by SDS-PAGE was 41 kDa, a result that is similar to the calculated size (arrow shown in Fig. 3A) . The crude protein in the culture supernatant (after 72 h of induction) was concentrated and purified by Ni 2+ -NTA affinity chromatography. The results from SDS-PAGE verified the successful purification, because only one clear band with a molecular mass of approximately 41 kDa was found (Fig. 3B) . The protein assay demonstrated that Ple was purified 1.4-fold by Ni 2+ -NTA affinity chromatography with 80% recovery. The total Ple yielded by P. pastoris was 143 µg/ml after 72 h of induction. The purified Ple was collected and used to determine its antimicrobial activity.
In Vitro Antimicrobial Activity of Ple
The antimicrobial activity of purified Ple was detected by the agar radial diffusion assay. As shown in Fig. 4A , both Ple (spot 1) and penicillin (spot 2) exhibited strong bactericidal activity against S. aureus and S. suis. However, no inhibition zone was observed around the spots of sterile water (spot 3) and culture supernatant of P. pastoris (spot 4). In addition, the antimicrobial activity of Ple against gram-negative bacteria was detected using E. coli DH5α, E. coli BL21 (DE3), and S. typhimurium. The results showed that only the penicillin (spot 2) displayed clear antimicrobial activity against these bacteria. No inhibition zone was observed around the spot of Ple (spot 1). These results demonstrated that the gram-negative bacteria are less sensitive than gram-positive bacteria to Ple. We also investigated the minimal inhibitory concentration of Ple using various microorganisms (Table 1) . Our results clearly indicated that S. suis was the most sensitive bacterium to Ple, with a MIC of 4 µg/ml.
Effects of pH and Proteases on the Antimicrobial Activity of Ple
To determine the effect of pH on the antimicrobial Fig. 3 . SDS-PAGE analysis of Ple produced by P. pastoris. activity of Ple, purified Ple was incubated with different buffers at 37°C for 10 h. From the agar radial diffusion assay, the purified Ple showed a much lower antimicrobial activity (against S. aureus) at pH 2.0 and 10.0 than at pH 6.0 (Fig. 5) . To determine the effect of proteases on its antimicrobial activity, the purified Ple was pre-incubated with a buffered solution containing 2,500 U pepsin or 250 U trypsin. Protease stability analysis showed that Ple could withstand degradation by pepsin. However, it was unstable after trypsin treatment (Fig. 5) .
Discussion
Antimicrobial peptides, including various naturally occurring defensins, have attracted considerable research interest owing to their actions on multiple pathogens and the increasing resistance of microorganisms to conventional antibiotics [8] . Plectasin is the first fungusderived defensin isolated from P. nigrella [24] . However, the production of plectasin by natural microorganisms such as P. nigrella is still not commercially feasible because of its high cost. Currently, heterologous expression has become one of the main tools for the production of recombinant proteins, including antimicrobial peptides [7] . Although P. pastoris was considered to be a favourite expression host because of many advantages as described previously [1, 10] , the expression of antimicrobial peptides in P. pastoris has to confront two problems; namely, the low expression level of the small antimicrobial peptides and susceptibility to proteolytic degradation [15, 17] . In the present study, a tandemly arrayed plectasin gene (Ple-8) was generated and expressed in P. pastoris. Tandemly arrayed genes are a gene cluster created by tandem duplications in which duplicated genes are adjacent to the original. They serve to encode large numbers of genes at a time, enhancing the expression level and possibly increasing its resistance against various proteolytic activities [13, 18] .
The Ple-8 gene was inserted between a yeast promoter and transcription terminator on multicopy episomal plasmids to achieve high levels of gene expression [25] . For this purpose, we used the strong P. pastoris AOX1 promoter-terminator cassettes. Recombinant proteins can be effectively expressed in P. pastoris and secreted into the medium under the direction of a signal peptide that is fused to the exogenous protein at the N-terminus [5] . As a result, Ple was successfully secreted into the medium with an apparent molecular mass of 41 kDa. The selected P. pastoris strain yielded 143 µg/ml Ple, which is higher than monomeric plectasin from Aspergillus oryzae (50 µg/ml) [27] and E. coli (92 µg/ml) [12] , suggesting that the tandem duplication fragment could increase the expression level.
Unlike many defensins with broad-spectrum antimicrobial activity, plectasin only exhibits antimicrobial activity against gram-positive bacteria, including S. aureus, S. suis, and S. pneumoniae [9, 24, 38] . This finding suggested that plectasin may have a specific antimicrobial mechanism. Previous studies have shown that plectasin bound to Lipid II [26] , thus inhibiting its incorporation into the peptidoglycan, which is the major component of the cell wall of grampositive bacteria [23] . Ple's antimicrobial activity against S. suis and S. aureus observed in the present study is compatible with this hypothesis. As shown in Table 1 , Ple demonstrated approximately equal activity against S. suis [38] and S. aureus [9] compared with monomeric plectasin. These results suggested that Ple obtained in this study "-" without test. could be a potential alternative to antibiotics against S. suis and S. aureus infections. The stability of Ple was of great importance because it may be used under different conditions. For animal nutrition and the feed industry, many enzymatic procedures require protein exhibiting activity in a broad pH range and resistance to digestive enzymes. In this study, Ple exhibited resistance to pepsin and maintained its antimicrobial activity (against S. aureus) over a wide pH range from 2.0 to 10.0. The pH resistance was probably due to the higher cysteine content in Ple [36] . Similar stabilities of monomeric plectasin have been reported previously by Zhang et al. [38] . Previous studies have indicated that defensins are rich in basic amino acids and that they are easily digested in vitro by serine-threonine proteases such as trypsin [6, 31] . In this study, treatment of Ple with trypsin eliminated its antimicrobial activity. It has been reported that the oxidized form of HβD-3 is highly protected from degradation by trypsin compared with its reduced form [6] . Similarly, the oxidized form of HD-5 peptide exhibited some level of stability against trypsin digestion, but its reduced form was sensitive to trypsin [31] . Furthermore, the eliminated antimicrobial activity after trypsin treatment can be attributed to the reduced disulphides in purified Ple [21] .
Our results showed that the stability of Ple (multimeric plectasin) was no less than that of monomeric plectasin and that the expression level was increased in Ple. Future research in our laboratory will be focused on the development of a suitable fermentation strategy to improve Ple production. A tandemly arrayed gene designed for the cost-effective production of Ple in P. pastoris producing large quantities of Ple would be very interesting and attractive.
